The aim of this study was to investigate the effects of different swimming race constraints on the evolution of turn parameters. One hundred and fifty-eight national and regional level 200-m (meters) male swimming performances were video-analyzed using the individualized-distance model in the Open Comunidad de Madrid tournament. Turn (p < .001, ES = 0.36) and underwater distances (p < .001, ES = 0.38) as well as turn velocity (p < .001, ES = 0.69) significantly dropped throughout the race, although stroke velocity and underwater velocity were maintained in the last lap of the race (p > .05). Higher expertise swimmers obtained faster average velocities and longer distances in all the turn phases (p < .001, ES = 0.59), except the approach distance. In addition, national level swimmers showed the ability to maintain most of the turn parameters throughout the race, which assisted them in improving average velocity at the end of races. Therefore, the variations in the turning movements of a swimming race were expertise-related and focused on optimizing average velocity. Turning skills should be included in the swimming race action plan.
Introduction
In competitive swimming, both underwater and surface swimming techniques (Cohen, Cleary, & Mason, 2012) are employed by competitors to overcome the aquatic constraints that impose forward http://dx.doi.org/10.1016/j.humov.2014.04.002 0167-9457/Ó 2014 Elsevier B.V. All rights reserved.
resistance (Toussaint & Beek, 1992; Toussaint, Roos, & Kolmogorov, 2004) . Underwater swimming allows competitors to minimize their velocity loss after dives and turns (Connaboy, Coleman, Moir, & Sanders, 2010) as far as a maximum of 15-m from the starting or turning walls. In most cases, this is achieved by minimizing the resisted drag forces with a streamlined body position (Lyttle, Blanksby, Elliott, & Lloyd, 1998) and by maximizing propulsion with the swimmer's feet moving simultaneously in vertically-oriented motions (Von Loebbecke, Mittal, Mark, & Hahn, 2009) , in an underwater undulatory stroke (Connaboy, Coleman, & Sanders, 2009 ). Compared to surface swimming, forward velocities during underwater swimming are greater (Vennell, Pease, & Wilson, 2006) whereas kinematics are significantly simpler ). On the other hand, physical exertion is probably greater for the swimmer due to apnea conditions.
The analyses of swimmers' performances have traditionally examined spatio-temporal parameters representing the starting, stroking and turning segments in a swimming race (Arellano, Brown, Cappaert, & Nelson, 1994) but, somehow, have overlooked the role of underwater swimming techniques. Researchers and/or practitioners have measured partial times at 5, 10, 15 or 25-m intervals from the starting or turning walls and have evaluated how different swimming constraints, such as increasing fatigue, affect their evolution throughout races (de Jesus et al., 2012; Figueiredo, Rouard, Vilas-Boas, & Fernandes, 2013; Figueiredo, Zamparo, Sousa, Vilas-Boas, & Fernandes, 2011; Hellard et al., 2008; Suito et al., 2008; Toussaint, Carol, Kranenborg, & Truijens, 2006) . However, temporal race parameters do not discriminate between submerged and surface techniques and it cannot be assumed that swimmers travel the same distances with starting, turning or stroking movements (Veiga, Cala, Mallo, & Navarro, 2013) . In fact, the limitations of quantifying only traditional race parameters have been increasingly recognized in recent years (Psycharakis, Naemi, Connaboy, McCabe, & Sanders, 2010) .
Underwater swimming techniques, such as the undulatory swimming or the breaststroke pullout with dolphin kick (McLean, Havriluk, & Brandt, 2008) are relatively new in competitive swimming (Arellano, Pardillo, & Gavilán, 2002; Von Loebbecke, Mittal, Fish, & Mark, 2009) . However, at present, there is a growing research interest in these competitive techniques Hochstein & Blickhan, 2011; Puel et al., 2012) as they are supposed to provide a competitive edge to swimmers (Atkinson, Dickey, Dragunas, & Nolte, 2014; von Loebbecke, Mittal, Fish, et al., 2009 ). Several factors have been reported to affect the effectiveness of underwater undulatory swimming, including the kick frequency (Cohen et al., 2012) , amplitude (Houel, Elipot, André, & Hellard, 2013) , symmetry (Atkinson et al., 2014) and swimmer morphology (von Loebbecke, Mittal, Fish, et al., 2009 ). Distances traveled with underwater movements have been found relevant to the starting and turning (Blanksby, Elliott, McElroy, & Simpson, 1998; Tourny-Chollet, Chollet, Hogie, & Papparodopoulos, 2002) competitive performances. However, it is unknown how swimmers organize the underwater or surface components during a swimming race or how various competitive swimming constraints (like the number of laps, gender, expertise or event stroke) could influence the underwater swimming parameters. Previous research studies have reported that skilled swimmers exhibited more stable stroking parameters and average velocities (Chollet, Pelayo, Delaplace, Tourny, & Sidney, 1997; Figueiredo et al., 2011; Hellard et al., 2008) in 100 and 200-m freestyle races, although there is still a lack of knowledge if this skill issue is also present during non-swimming segments.
Therefore, in the present study we employed the individualized-distance method to detect the underwater and surface components of swimming races. The main aim of the investigation was to examine the effects of different swimming race constraints (lap, stroke and swimmers expertise) on the evolution of individualized-distance turn parameters. It was hypothesized that the turning parameters might be related to the swimmer's ability.
Methods

Participants
One hundred and fifty-eight male swimming performances were video-analyzed in the 200- 
Data collection
Two fixed JVC Ò GY-DV500E video cameras were located on the top row of spectator seats, approximately 7-m above and 7-m away from the side of the pool. Each camera operated at a frame rate of 25 Hz with a shutter speed of 1/1000 s and captured a different part of the race corresponding to the first or the last 15-m, respectively, from the starting blocks. A flashlight connected to the official timing system was captured by the cameras to provide the race's time code.
Data processing
Selected two-dimensional coordinates of the swimming races were obtained using DLT algorithms (Abdel-Aziz & Karara, 1971) . Eight poolside building marks in the field of view of each camera provided control points for the calibration of the swimmer's plane of movement during the races. A different set of 32 control points constituted by colored buoys from the floating lanes were employed to check the 2D coordinate reconstruction (accuracy) in the field of view of each camera, showing a root mean square error of less than 0.05-m. More data related to the validation process can be obtained in Veiga, Cala, González Frutos, and Navarro (2010) . The video footage of the races was digitized to identify swimmers' movements according to the individualized-distance model (Veiga et al., 2013) with the software Photo 23D (Technical University of Madrid, Spain; Cala, Veiga, García, & Navarro, 2009). The turn segment was defined including two different phases: the turn approach phase, from the swimmer's last stroke to wall contact, and the turn underwater phase, from wall contact to the swimmer's breakout after the underwater swim. On the other hand, the stroking phase was defined from the end of an underwater turn phase to the beginning of the next turn approach. In the first race lap, the stroking phase was measured from the swimmer's breakout after the starting phase. The instants of the swimmer's last stroke and the swimmer's breakout were represented by the first moment the hand entered the water and the vertex of the head emerging from the water, respectively. In breaststroke races, the swimmer's last stroke was defined as the last head emersion before the turning wall, as no hand entry occurs. Finally, the official electronic timing system allowed us to detect the instant of the wall contact and to calculate average lap velocities from the official lap times of each event. After selected two-dimensional coordinates of the race were obtained, the horizontal distance (m) movement of the swimmer's head from the beginning to the end of the turn and stroking phases, time (s) and average velocity (m/s) were calculated.
Once the individualized-distance turn parameters of the 200-m races were obtained, the traditional 15-m turn times were also measured by overlaying digital lines on the image. The control points employed for the two-dimensional coordinate reconstruction served as a reference in the images for placing the digital lines at exactly 7.5-m from the turning wall.
Data analysis
The individualized-distance turn parameters (turn distance, turn velocity, approach distance, approach velocity, underwater distance and underwater velocity), as well as the stroking and lap average velocities and the 15-m turn times, were analyzed by the expertise of the swimmers (national and regional level), the event stroke (breaststroke, freestyle, backstroke and butterfly) and the turn or lap order (first to third turn or first to fourth stroking lap in a 200-m race) using a repeated measures multivariate analysis of variance with the multivariate mixed model (Schutz & Gessaroli, 1987) . Wilks' lambda was used to detect the main effects of the race constraints. Bonferroni adjustments were employed to make multiple comparisons between inter-and intra-subject groups, and effect sizes (as partial eta-squared values) were used to interpret meaningful effects (Knudson, 2009 ). Distances and velocities were expressed as means ± standard deviations (s) and the level of statistical significance was set at .05. All statistical analyses were conducted with SPSS 15.0 (SPSS Inc., Chicago, IL, USA).
Results
Effects of the task constraints (event stroke and turn order) on the turn parameters
The turn order (Wilks' lambda = 0.26, F 14,588 = 41.01, p < .001, ES = 0.50) and the event stroke (Wilks' lambda = 0.02, F 21,414.04 = 148.54, p < .001, ES = 0.87), representing task constraints for competitive swimmers, influenced the individualized-distance turn parameters. The 15-m turn time increased (p < .001, ES = 0.67; first to second turn 3.82%, second to third turn 1.90%), whereas the turn distance (p < .001, ES = 0.36; first to second turn 6.22%, second to third turn 2.22%) and the turn velocity (p < .001, ES = 0.69; first to second turn 3.55%, second to third turn 1.80%) decreased in each turn of the race. Fig. 1 illustrates the evolution of distance and velocity parameters in the turn phases (approach and underwater) during the 200-m races.
All the turn parameters were significantly different depending on the event stroke, except for the butterfly and backstroke underwater distances (p = .19) and for the backstroke and freestyle approach velocities (p = .73). However, the evolution of the turn parameters was similar in all strokes except for the freestyle races (stroke Â turn order, Wilks' lambda = 0.25, F 42,1382.43 = 11.36, p < .001, ES = 0.21), where no underwater velocity or distance variations occurred throughout the freestyle races (both p > .05 from first to second and from second to third turn).
Effects of the organismic constraints (expertise) on the turn parameters
The turn parameters also varied according to the swimmer's expertise (Wilks' lambda = 0.42, F 7,144 = 28.71, p < .001, ES = 0.59). National level swimmers obtained 6.67% shorter 15-m turn times (p < .001, ES = 0.54) as well as 5.96% faster turn velocities (p < .001, ES = 0.59) and 6.73% longer turn distances (p < .001, ES = 0.11) than regional level swimmers. In the turn phases, higher expertise swimmers obtained higher underwater (p < .001, ES = 0.10) and approach (p < .01, ES = 0.06) velocities. In addition, longer underwater (p < .001, ES = 0.11), but not longer (p = .68) approach distances, were obtained by higher expertise swimmers in the turn phases. Inter-level differences in the turn parameters depended on the event stroke (expertise Â stroke, Wilks' lambda = 0.45, F 21,414.04 = 6.38, p < .001, ES = 0.24) as significant distinctions (p < .05) were detected in the butterfly velocity and breaststroke distance approach parameters, whereas no differences (p > .05) were detected in any of the freestyle turn distance parameters. Descriptive data, as well as inter-level comparisons of the individualizeddistance turn phase parameters in all strokes, are presented in Table 1 .
General differences between national and regional level swimmers in all the turn parameters (except for the approach distance) persisted in each turn of the race (p < .05). However, there was a significant interaction (expertise Â turn order Â stroke, Wilks' lambda = 0.79, F 42,1382.43 = 1.675, p < .01, ES = 0.04) showing that, in comparison to the national level, regional level swimmers lost underwater turn velocity (both p < .05 in the second and third turn) throughout the breaststroke and butterfly races and turn velocity at the end of backstroke and butterfly races (p < .05 in the last turn). Lower expertise swimmers also shortened the underwater turn distance during breaststroke races (both the second and third turn, p < .05) and during the last backstroke turn (p < .05) in comparison to higher expertise swimmers. Tables 2 and 3 show the evolution of the individualized-distance turn parameters throughout the race for each group.
Effects of the swimming race constraints on the stroking parameters
Finally, national level swimmers obtained 5.63% faster stroking velocities than regional level swimmers (p < .001, ES = 0.59), regardless of the stroke (level Â stroke, p = .29, ES = 0.03). The stroking velocity significantly decreased by 5.61% (p < .001, ES = 0.71) from the first to second and 1.79% from the second to the third lap, but was maintained in the last lap of the races (p < .05) for both expertise levels. Similar inter-level differences (5.74% from national to regional level swimmers; p < .001, ES = 0.63) as well as a similar evolutions throughout the race (9.56% from the first to second and 1.94% from the second to the third lap; p < .001, ES = 0.88) were observed for the lap velocities, except in the last lap of the race where higher level swimmers increased their average velocity by 0.85% (p < .05). Fig. 2 illustrates the evolution of both the stroking and lap velocity throughout the race for both levels.
Discussion
The present study aimed at examining the effects of different swimming race constraints on turn parameters. In general, underwater distances decreased throughout the race whereas underwater velocities were maintained, although their evolution depended on the stroke and the swimmer's level Statistically different from first and second turn, respectively: p < .05. Statistically different from first and second turn, respectively: p < .05.
of skill. The use of the individualized-distance method allowed, for the first time ever, the detection and comparison of the underwater and surface components of a swimming race. The first important observation was that turn and underwater distances were different depending on the stroke, except for the backstroke and butterfly races where swimmers employed underwater undulatory movements to travel around 5-m. Therefore, it should be considered whether it is appropriate to measure the same fixed distance (for example 15-m turn time) to evaluate all swimming races, as this would not reflect the swimmer's different solutions in terms of underwater swimming or stroking.
The second important observation was that swimmers not only modified their stroking parameters during the same race (Chollet et al., 1997; Hellard et al., 2008; Suito et al., 2008; Thompson, Haljand, & MacLaren, 2000) , but also modified most of their turning parameters. Despite traditional swimming race analyses measuring fixed 15-m turn times regardless of the race lap (Arellano et al., 1994; Thompson et al., 2000; Tourny-Chollet et al., 2002) , the turn and underwater distances in the present study generally dropped throughout the race (Fig. 1 and Table 1 ), probably due to fatigue (Figueiredo et al., 2011; Toussaint et al., 2006) and the hypoxic conditions of the underwater swimming. The decrement in underwater distance from the first to the third turn of the race (0.6-0.8-m) represented approximately the distance covered when performing one dolphin kick (Zamparo, Vicentini, Scattolini, Rigamonti, & Bonifazi, 2012) . On the other hand, the underwater velocities were maintained in most of the cases (Table 2) , which may suggest a tactical issue where swimmers shortened the underwater distance as the race progressed to optimize their velocity. Regarding the approach parameters, there was no clear tendency throughout the race, which could have been related to the changing technical timing of the final strokes before wall contact (Seifert, Boulesteix, Carter, & Chollet, 2005; Veiga et al., 2013) . In the freestyle races, where the underwater phase is shorter (Table 1 ) and the undulatory techniques do not seem to be extensively used by intermediate level swimmers, most of the turning parameters did not vary throughout the races. The specific characteristics of the freestyle stroke (alternate arm actions and a profiled body position) may ensure a continuous propulsion at low energy cost (Wakayoshi, D'Acquisto, Cappaert, & Troup, 1995) and, therefore, freestyle swimmers may be able to modify their stroking parameters during the race to maintain average velocities (Huot-Marchand, Nesi, Sidney, Alberty, & Pelayo, 2005) .
When comparing the two levels of expertise, higher expertise swimmers reached longer underwater distances (except in the freestyle event) than lower expertise swimmers (Table 1) , either because they exploited the breaststroke gliding phases (Seifert, Vantorre, & Chollet, 2007) or the backstroke and butterfly underwater undulatory movements (Vantorre, Seifert, Fernandes, Vilas Boas, & Chollet, 2010b) . Interestingly, they also obtained faster underwater turn velocities in all events except breaststroke, even though it has been previously explained that this parameter is only important for the start performance (Burkett, Mellifont, & Mason, 2010; Cossor & Mason, 2001; Vantorre, Seifert, Fernandes, Vilas Boas, & Chollet, 2010a) . Finally, they showed the ability to stabilize some of the turn parameters throughout the race compared to the lower expertise swimmers (Tables 2 and 3 ). This could represent a clear strategy to optimize average velocity at the end of a race as national level swimmers maintained the underwater turn distance when using the slowest techniques (backstroke and breaststroke) and the turn velocity in the techniques employing underwater undulatory movements (backstroke and butterfly). Previous research studies reported that higher expertise swimmers obtained shorter 15-m turn times at the end of the 200-m backstroke (Chatard, Girold, Cossor, & Mason, 2001a) , breaststroke (Thompson et al., 2000) butterfly (Tourny-Chollet et al., 2002) and freestyle (Chatard, Girold, Cossor, & Mason, 2001b) , but no further explanations about the underlying reasons had ever been reported.
From a traditional motor control perspective, regional level swimmers may have made mistakes when traveling shorter distances underwater. However, they may have also organized their competitive turns according to their lower levels of gliding skills (Kolmogorov, Rumyantseva, Gordon, & Cappaert, 1997) and muscular power (Wakayoshi, Yoshida, Ikuta, Mutoh, & Miyashita, 1993) . Taking into account that the 200-m event is considered to be exhausting (Bonifazi, Martelli, Marugo, Sardella, & Carli, 1993; Figueiredo et al., 2011 Figueiredo et al., , 2013 , they may not have been able to maintain apnea conditions at the end of the race like the national level swimmers did. On the other hand, national level swimmers obtained a more consistent turn performance, which may be optimal in swimming, where a high level of precision is required and unexpected changes in competitive conditions rarely occur (Hiley, Zuevsky, & Yeadon, 2013) . Further research would be needed to explore if elite swimmers might even shown higher or lower variations in turning parameters throughout races (Wilson, Simpson, Van Emmerik, & Hamill, 2008) .
Finally, differences in the evolution of the stroking and turning parameters provided important functional information about the swimmers' performances. Both national and regional level swimmers maintained their stroking velocities at the end of races, probably by increasing their stroking rates to improve propulsion (Huot-Marchand et al., 2005; Thompson et al., 2000) . However, by maintaining some of the last turn parameters (Tables 2 and 3 ), higher level swimmers were able to increase their average velocity in the last lap of the race (Fig. 2) . On the other hand, regional level swimmers probably had to conserve their energy during the last turn in order to be able to maintain their stroking velocity at the end of the race. This might have had a crucial impact on the final race outcome (Chatard, Girold, Caudal, Cossor, & Mason, 2003) and could confirm that a higher consistency in the turning movements is beneficial for intermediate level swimmers.
At this point, the way competitors organize the underwater or surface components of a swimming race seems to be appropriate to a swimmer's skill level and also to the stroke. There does not seem to be an ideal turn motor pattern for 200-m competitive swimming. However, swimmers must organize their turning movements by determining the optimal underwater distance in order to maximize underwater velocity. These actions will assist them to optimize their average race velocities, especially at the end of the events. Intermediate level swimmers are encouraged to focus on tasks concerning gliding skills, underwater undulatory movement and the transition to the stroking phase. As they improve their expertise level they are advised to include the underwater skills in their strategic race action plan.
Conclusion
The turning movements showed variations in a swimming race which were dependent on the swimmer's level of expertise and focused on optimizing average velocity. Except in the freestyle events, higher-expertise performers traveled a longer portion of the race underwater and exhibited a more consistent turn performance than lower-expertise swimmers, especially at the end of the races. Therefore, turning skills should be included in the strategic swimming race action plan.
